We have synthesized a series of the Ruddlesden-Popper nickelate solid solution Ln4-xLn'xNi3O10 (Ln and Ln' = La, Pr and Nd; x = 0, 1, 2 and 3) via the citrate precursor method at different reacting atmospheres. Both the electronic-transport and magnetization measurements on these samples show well-defined phase transitions at temperatures between 135 K and 165 K. These transition temperatures, the room-temperature resistivities, as well as the changes of the Pauli-paramagnetic susceptibilities at the respective phase transitions, strongly correlate with the Goldschmidt tolerance factor t, irrespective of the combination of the magnetic rare-earth ions with unmagnetic La 3+ . We conclude that these changes of the electronic properties are mostly related to the distortion of the NiO6 octahedra at the phase transition which is strongly correlated with the tolerance factor t, but are rather insensitive to the magnetism of the rare-earth ions Ln 3+ and Ln' 3+ .
Introduction
Due to the strongly correlated d-electrons, some layered transition-metal oxides give rise to various phases with different intriguing electronic and magnetic properties [1] [2] [3] [4] . The transitions between these phases, e.g. metal-insulator transitions [5, 6] , by EDX (see Supplemental Material) [31] .
The electronic resistivities of the Ln4-xLn'xNi3O10 samples were measured with a Physical Property Measurement System (PPMS, Quantum Design Inc.), and a standard four-probe technique was employed in the temperature range from 10 K to 300 K. The magnetic properties were studied by using a Magnetic Properties Measurement System (MPMS 3, Quantum Design Inc.) from 10 K to 300 K with an external magnetic field of 0.1 T.
Results
As a result of distortions of both shape and arrangement of the NiO6 octahedra, the crystal structures of the Ln4-xLn'xNi3O10 solid solution show a relatively low symmetry. Based on available experimental data, the unit cell of La4Ni3O10 can be equally well fitted to two types of space groups: P21/a (monoclinic) and Bmab (orthorhombic) [28] , while the Pr4Ni3O10 and Nd4Ni3O10 can only be well described by the space group of P21/a (monoclinic) [28] . Fig. 1(a) shows the powder XRD patterns for all samples involved in this study, and in Fig. 1(c) ,we summarized all the changes of the corresponding lattice parameters (see Supplemental
Material for details) [31] . In the La4-xPrxNi3O10 series, besides the wholistic shift of these patterns that is ascribed to the expansion of unit cells, there are certain specific peak changes as x varies from 0 to 4. In Fig. 1(b) , the (117) and (002) peaks (2 ~ 32.5 °) separate gradually as the La content increases, while the (228) and (1115) peaks (2 ~ 54.7 ° and ~ 55.4 °), on the contrary, gradually merge. A similar tendency is also found for the Nd4-xLaxNi3O10 samples. In the Pr4-xNdxNi3O10 series, however, there is no analogous peak changes other than a systematic shift due to the lattice contraction as the Nd content increases.
This result is in accordance with the reported space groups [28] . The structural difference between La4Ni3O10 and Pr(Nd)4Ni3O10 can be mainly ascribed to the size difference between La 3+ , Pr 3+ , and Nd 3+ , with average radius of 1.21 Å, 1.17 Å, and 1.16 Å in eight and ten coordinations, respectively [35] .
To characterize the low-temperature phase transitions at temperatures between 135 K and 165 K, we performed electronic-transport measurements on the pelleted samples of the solid solution Ln4-xLn'xNi3O10. Figure 2 shows the normalized resistivities ( ) (300K) ⁄ as a function of temperature from 10 K to 300 K. All samples show metallic behaviours in both the high-temperature and the low-temperature phases, which are consistent with the previous results for the corresponding parent compounds [23] . We also measured the magnetization for the solid solution Ln4-xLn'xNi3O10 at temperatures between 10 K and 300 K [ Fig. 3 ] to characterize the changes in the magnetic properties as functions of their Ln constituents. The magnetic-susceptibility data of the zero-field-cooling (ZFC) and the field-cooling (FC) essentially overlap within the measured temperature range.
The magnetic susceptibility of La4Ni3O10 decreases with the decreasing temperature in the high-temperature phase, while in the low-temperature phase, the susceptibility increases as the temperature decreases, which is similar to previous reports [23, 29] . None of the phases follows a single simple Curie-Weiss law over the whole temperature range. However, except for La4Ni3O10, the temperature dependence of the magnetic susceptibilities ( ) of all the other compositions in the Ln4-xLn'xNi3O10 series can be well fitted by a Néel-type of Curie-Weiss law, ( ) = + + 0 , separately for the high-temperature and the low-temperature phases, demonstrating a paramagnetic behaviour in the measured temperature range. The temperature window used for fitting the low-temperature data was chosen between 60 K and −15 K, and that for the high-temperature data between +15 K and 300 K, respectively. The corresponding results are listed in Table I 
Discussion
The Goldschmidt tolerance factor t is widely used to estimate the stability of the rare-earth perovskite-like structures, with = ( − ℎ + )/√2( + ) [36] , where − ℎ , , and represent the average ionic radius of the rare-earth, nickel, and oxygen ions in the corresponding coordinations, respectively. It is found that, in R-P type of compounds, the values of t are ranging from 0.86 to 0.99 [20, 37, 38] . By linear interpolation of the reported ionic radius [35, 39] , the t for all the samples of the solid solution Ln4-xLn'xNi3O10 can be estimated. Upon changing Ln 3+ , from La 3+ with the largest ionic radius, to Nd 3+ with the smallest ionic radius, the tolerance factor t decreases from 0.914 to 0.896 [ Fig. 5 ]. Considering our experience in the synthesis of these compounds, it becomes more and more difficult to obtain Ln4Ni3O10 as Ln 3+ changes from La 3+ to Pr 3+ (Nd 3+ ), and from Pr 3+ to Nd 3+ , suggesting that a larger value of t results in a more stable phase. The t difference between La4Ni3O10 (0.914) and Pr4Ni3O10 (0.900) is larger than that between Pr4Ni3O10 (0.900) and Nd4Ni3O10 (0.896). In any case, we can expect that the structures of these compounds gradually change with t, which in turn should lead to a certain t dependence of the physical properties in connection with the phase transition. without obvious shift of ( ) at , corresponding data taken from ( ) are consistent with the ( ) results within ± 0.5 K. As it is shown in Fig. 6(a) , is found to almost linearly decrease with t, with a slope of d /~1.6 × 10 3 K. Although the t dependence of transition temperature is similar to LnNiO3, the slope d / of
Ln4Ni3O10 is approximately ten times smaller than that in LnNiO3 [36] . Similarly, the absolute values of the resistivity at room temperature [ Fig. 6 (b)] systematically decrease with t. Generally, for t = 1, the distortion of the NiO6 octahedra is known to be minimum [37] , the Ni-O-Ni angles are close to 180 º, and the overlap between the Ni d-orbitals and the O p-orbitals is maximized. This explains the increasing metallicity in Ln4-xLn'xNi3O10 with t in a similar way as it has reported to be the case for LnNiO3 [40] .
As we have reported recently for Pr4Ni3O10 single crystals [27] , and it has also been observed in Nd4Ni3O10 powders [25] , the temperature dependences of the respective magnetization data differ between the high-temperature and the low-temperature phases, resulting in distinct Pauli-paramagnetic susceptibilities and Curie-constants C in a Néel-type Curie-Weiss law for magnetization data below and above the phase transitions, respectively. The fitting results summarized in Table I confirm the trend that we had repeated for Pr4Ni3O10 single crystals [27] , namely, with the exception of La4Ni3O10, the Pauli-paramagnetic susceptibility 0 is larger in the low-temperature phase ( 0 ) than the high-temperature phase ( 0 ). The corresponding difference, 0 = 0 − 0 , is plotted in Fig. 6(c The Curie-constants contain, for the simplest interpretation, contributions from both the rare-earth ions and localized Ni 2+/3+ magnetic moments. Inspecting The fact that the measured magnetic moment of Nd 3+ in the low-temperature phase is suppressed below the free-ion value (3.62 μB) has already been noted by Li et al. [25] . It can be ascribed to crystalline-electric-field (CEF) effects that often lead to a reduction of the effective magnetic moments at low temperatures in rare-earth ions such as Nd 3+ with an odd number of 4f-electrons.
All the high-temperature values C H are larger than the corresponding C L data, the magnitude of which we interpreted above as the contributions of the rare earth ions alone. For the series La4-xPrxNi3O10 it seems to be straightforward to attribute this difference to an additional contribution from the Ni 2+/3+ ions, as we had already suggested it for the end member Pr4Ni3O10 in Ref. [27] . The difference C H -C L increases systematically with x and reaches a value for Pr4Ni3O10 that is compatible with either three localized S = ½ magnetic moments, or with one Ni ion in a high-spin S = 1 configuration [ Fig. 4(a) ]. The interpretation of the C H values of the series Ln4-xNdxNi3O10 is less straightforward, however. It is expected that the CEF effects in Nd 3+ -containing samples become weaker at high temperatures due to the increasing population of the higher-lying energy levels [42] , and they may even discontinuously alter or entirely vanish at the structural phase transition. The fact that C H in the series Pr4-xNdxNi3O10 is essentially constant [ Fig. 4(a) ] may indicate that the latter possibility is the most likely, i.e., with a constant contribution of the magnetic moments of although this trend appears to be less universal than for , (300 ), and 0 .
Finally, we state that all the data given in Table I and shown in the figures were obtained on pressed powders, i.e., represent polycrystalline averages. Nevertheless, the quantitative and qualitative agreement of our data obtained for Pr4Ni3O10 powders with those measured in Pr4Ni3O10 single crystals [27] suggests that the trends described here reflect those of intrinsic properties of the whole series Ln4-xLn'xNi3O10.
Conclusion
We have successfully synthesized a series of Ln4-xLn'xNi3O10 (Ln and Ln' = La, Pr and Nd) compounds via the citrate precursor method at different reacting atmospheres. The phase transition temperatures , the room-temperature resistivities (300 ) and the differences 0 in the Pauli-paramagnetic susceptibilities between the low-temperature and the high-temperature phases vary systematically with the Goldschmidt tolerance factor t, and may even possibly be controlled by it. With decreasing t, the compounds become more resistive, and the low-temperature values of the Pauli-paramagnetic susceptibilities are considerably enhanced. While the low-temperature magnetic susceptibilities essentially reflect the magnetism of the rare-earth Ln 3+ ions, the corresponding high-temperature data contain an additional contribution which is most likely due to localized nickel 3d electrons.
Our results indicate that, along with the variation of t, the degree of distortion of the NiO6 octahedra in the crystal structure and the associated changes of the Ni-O the bond lengths and Ni-O-Ni bond angles play a crucial role for the electronic structure of these compounds, while the magnetism of the rare-earth elements Ln and Ln' is not a decisive factor. 
